In the paper, some experimental and theoretical results concerning opatical bistability in cholesteric liquid crystals are presented. A strong primary laser beam interacted nonlinearly with the material and influenced a second (probe) beam in such a way that its transmitted part exhibited a bistable dependence on the intensity of the first beam. It was observed that such a character may be attributed to the intensity of the outgoing probe wave. The obtained results reflect the symmetry of the sample and are interpreted as second order nonlinearity effects.
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Int roduction
Cholesteric liquid crystals (CLCs) possess an intrinsic helical structure which leads to some unusual optical properties in the linear regime. This structure influences significantly both the intensity as well as the polarization of the wave propagating through such a crystal. Recent investigations of the optical properties of CLCs concentrate rather on their nonlinear effects, among them on the optical bistability.
Optical bistability still belongs to the most important optical nonlinear effects [1, 2] . The basic mechanisms of bistability and the means of observing it are numerous. Most of the optical bistable devices are manufactured with the aid of the Fabry-Perot cavity, in which the nonlinear material is located. The power of the optical field required to achieve bistability varied in a wide range, which depends on the nonlinearity of the material used.
Ιn this paper we report the observation of optical bistability created by a cholesteric liquid crystal film. A strong primary laser beam of a polarized light changed the electric polarization of the medium which, in turn, changed the conditionns for the bistability to appear. Snch reoriented sample was then exposed to a second laser beam of a much smaller intensity (called the probe beam) which (527) was partially transmitted. The behaviour of the second (outgoing) wave depended essentially on the geometry of the experimental setup and on the parameters of the first (stronger) wave, i.e., on its intensity and polarization. Under some conditions there appeared the bistability of intensity of the probe bean. A new model of these phenomena in the medium with second-order nonlinearity is the main theoretical aim of this paper.
Experiment
The experimental setup is shown in Fig. 1 . The beam indicated by (1) came from the argon-ion laser (LEXEL 3500) operating at the 5145 Α (green). Its power P1 was varied from 0.05 W to 1.2 W. Additionally, by means of a linear polarizer we changed the polarization angle θ of the flrst beam in the range of 00-900. The angle 0° corresponded approximately to the vertical direction, parallel to the surface of the CLC film considered. First measurements were performed without the use of the polarizer, but even then the beam was partially polarized b y the laser itself. The intensity of the beam from the helium-neon laser was kept constant. On the other hand, the intensity of the green (strong primary) wave was changed in a wide range.
The probe beam (2) came from the second (helium) laser of the power of the order 40 mW, operating at λ = 6320 Α (red). It fell at the same region as the first (green) wave. Interaction of both waves, via the medium, led to the significant changes of the intensity of the outgoing wave 2" denoted further by Ρ2.
The liquid crystal fflm was oriented by means of the dc electric field of the voltage 1.5 V, perpendicular to the film of the thickness 30 μ m .
D u e t o t h i s f i e l d the molecules of the CLC had in general similar directions.
Results
The transmitted red light was a very sensitive function of the intensity of the original green beam. This dependence is presented in Fig. 2 .
We observed that P2 grew abruptly with increasing Ρ1 at Ρ1 0.6 W (see the lower curve). By decreasing Ρ1 a similar jump (this time down) appeared at P1 0.5 W (see the upper curve). That means that the width of the bistable loop was about 0.1 W. More spectacular was the height of this loop. In all the cases it reached more than 3 times of the initial value.
The polarization of the green light had significant influence on the shape of all curves. Tle maximal intensity of ontgoing red beam became smaller with increasing angle of polarization. For θ > 600 the bistable loop practically disappeared.
Theoretical explanation

General remarks
Let assume that two different plane monoclromatic waves with frequencies ω1 and ω2 (ω1 >'2) and wave vectors k1 and k 2 fall at the liquid crystal fllm.
Tle second order nonlinear polarization has the following form [3] :
where X is the third order electric nonlinear permeability tensor of the CLC, ί is the vacuum permeability The resultant primary electric field in Eq. (1) is composed of the two monochromatic planary waves with frequencies ι and ω2
These two monochromatic waves induce in the medium the nonlinear polarization with the following secondary frequencies: ω = ω1 ± ω2, ωH = 2ω1, ωHl = 2(2 and the static field ωI'! = 0.
The secondary monochromatic waves with frequencies ω3 = ω1 f ω2 have the wave vector k3 for which
The existence of the phase mismatch (Δk ψ 0) results in an insignificant increase in the α3(z) amplitude of the secondary monochromatic wave. If α3 (0) is very small compared to the α1(0) amplitude of the strong ω1 wave at z = 0, it remains small for all values of z (the z-axis indicates the wave propagation direction).
Because of the condition (3), i.e., the presence of the phase mismatch, the static component of the nonlinear polarization of the medium has a significant influence on the transmission properties through the CLC liquid crystal film, for the waves with primary frequencies. The static component has the following form:
where * denotes the complex conjugation.
This component of the nonlinear polarization generates the static electric field inside the considered medium where ε0-1 1 is the inverse of the vaccum permeability.
Effect of cascaded nonlnearity
The static electric field and the primary monochromatic waves produce the resultant electric field inside the considered medium in the following form:
This field after utilizing Eq. (1) (this is the socalled cascaded bistability effect [4] ) generates among others secondary components of the nonlinear polarization of the medium with frequencies ω 1 and ω 2 :
Because of these cascaded nonlinearities, the primary fields with frequencies ω1 and ω2 should fulfil the following equation (see [5] ):
Equations of wave motion
Because of the finite thickness of the CLC film considered (0 < z < L), there appears the reflection of waves from the boundary planes of the film. The presence of wave reflections and nonlinear polarizations (7) require the following representation of each of the monochromatic waves inside the CLC film:
where ej and e are the polarization versors of the "forward" and the "backward" propagating waves, respectively. In the following we will assume = e^ . A,; (z) and Βj(z) are their respective complex amplitudes, i.e.
where α (z), bj (z) and ψj (z), φ(z) are real amplitudes and phases, respectively [6] .
From Eqs. (8), (5) and Eq. (7) it follows that the equations governing the motion of the "forward" propagating waves are where nj is the linear refractive index, ωj is tle wave frequency.
For "backward" propagating waves the respective equations are as follows:
From Eqs. (11) and (13), assuming that the considered medium is transparent (i.e., L and tensors are real), one obtains the result that the real amplitudes of the counter-propagating waves αj(z) and bj (z) (j = 1, 2) remain constant, independent of the variable z. The respective phases of these waves obey the following equations:
From these equations, utilizing the constancy of the real amplitudes aj and we obtain the following equations for the phases of the counter-propagating waves:
where .
Boundary conditions and transmitted intensities
The counter-propagating waves are mutually connected through the boundary conditions at the boundary planes of the CLC film.
Utilizing the amplitude coefficients of reflection r and transmission τ the following equations may be written:
where αj0 is the amplitude of the incident wave with frequency ω falling from the outside of the CLC.
If we utilize the constancy of the real amplitudes of the waves we obtain from Eqs. (18) the following expression for the real amplitude of the j-th wave inside the CLC:
Tle light intensity of the j-th wave transmitted through the CLC is as follows:
Taking into account Eqs. (16), (17), (20) and (21) we obtain the following expression for the intensities transmitted tlrougl the CLC film:
where h0 is the intensity of the incident wave.
The expression (22) is a typical relation describing the bistability effect in the nonlinear Fabry-Perot cavity. It not only indicates the possibility of the bistable dependence of the intensity of the wave transmmitted through the CLC mm on the intensity of the incident wave, but also explains the way in which the stronger monochromatic wave can influence the transmitted intensity of the second probe wave.
Two relations (22) for j = 1,2 are mutually conjugate. Each of the transmitted intensities depend on both primary intensities incident on the CLC film. The graphical analysis of these relations requires numerical calculations, these will be presented in a separate publication.
We would note here also the dependence of the Vij parameters (12) on the polarization versors ej of the primary interacting waves. This dependence explains the influence of the polarization of tlese primary waves on the intensities transmitted through the CLC film. Such a dependence was indeed determined experimentally (see Sect. 2 of this paper).
Discussion
The theory of effects described above is still unsatisfactory. There exist numerous papers on this subject ( [7, 8] and references therein), in which, however, only third order nonlinearity is taken into account. In our experiment we had two beams going almost parallel, so that they may be treated as one composed wave whicl, in the first approximation, may be put in the formula derived for one wave. The total incident wave is effectively a variable of the green light only. The total outgoing wave consisted of two ones, but we extracted one of them which was relatively much more sensitive to changes in the molecular network of the CLC fllm.
The observed behaviour may be formally attributed to the properties of the nonlinear susceptibility tensor . Cholesteric liquid crystals belong to n o n -c e n t r o s y m m e t r i c m a t e r i a l s i n w h i c h s e c o n d o r d e r e f f e c t s a p p e a r . A r o u g h e s t i m a t i o n ( t o be published elsewhere) showed that such type of optical bistability may occur in real samples provided that the polarization state of both incident waves is properly chosen.
Physical background of the observed effects is more complicated. A typical approach takes into account changes in molecular orientation. By minimizing the total free energy (including deformations of the crystal and the energy of the wave) one obtains nonlinear equations for the electric field E of the propagating wave (see [2, 9] and references therein for more details), which can be solved numerically giving the typical bistable loop.
Another class of mechanisms responsible for the optical bistability is connected with changes of the temperature [10] . The temperature increase may change the refractive index n, which is often used in analyzing nonlinear optical effects. In our experiments thermal effectsi seemed to be of insignificant importance because the sample (very thin) was kept in between two thick plates which stabilized the temperature.
